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[57] ABSTRACT 

A monostatic frequency modulator continuous wave 
radar for detecting and determining the distance to near 
range objects. A temperature compensated one port 
Z-network is provided to generate a voltage of equal 
magnitude and opposite sign to that of the voltage re- 
flected from the antenna. 
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systems is the unwanted presence of an internally re- 

MONOSTATIC RADAR SYSTEM HAVING A fleeted signal from the antenna. Since the internally 

ONE-PORT IMPEDANCE MATCHING DEVICE reflected signal may be an order of magnitude larger 

than the reflected signal from the target the accurate 

This application is a continuation-in-part of applica- 5 detection of a target may not be possible in a narrow 

tion No. 553,890, filed Jul 13, 1990; anticipated to be band system since the receiver detects the composite 

U.S. Pat No. 5,134,411 issued Jul 28, 1992. signal consisting of the internally reflected signal from 

the antenna as well as the reflected signal from the 

BACKGROUND OF THE INVENTION target ^ 

This invention relates generally to obstacle detection 10 An analogous situation occurs in bi-static or two 

and ranging systems and more specifically to near range antenna systems. The unwanted signal is due to the 

obstacle detection systems. The following are a few of leakage between the two antennas. However this leak- 

the applications in which such a near range obstacle age signal is usually much smaller than the reflected 

detection system may be used: antenna signal in the monostatic system. In most situa- 

Vehicular obstacle detection and headway control 15 tions, the leakage signal can be ignored. However, in 

Autonomous tele-operated vehicle obstacle detection some cases, an active two-port phase shifter/attenuator 

Space robotics or I-Q modulator is employed. This two-port device 

Control of work platforms and forklifts generates a signal of equal magnitude and opposite sign 

Terrain mapping through vegetation to that of the leakage signal, cancelling the leakage 

Weapons fusing 20 signal 

Tank gauging (detennining the amount of a substance OBJECT OF THE INVENTION 

stored in a container) It is among the objects of this invention to provide a 

Marine vessel docking and guidance new and improved system that can be utilized for near 

Airplane auto-docking 25 obstacle detection, tank/container gauging and ice 

Personnel bridge docking thickness measurement 

Airport runway incursion Another object is to provide a new and improved 

Altimeter microwave radar system useful as an obstacle detection 

Presence sensor four traffic light control system. 

Ice thickness measurement 30 Another object is to provide a new and improved 

Pavement thickness measurement radar system for use with limited frequency bandwidth 

Buried object detection and having a sufficiently high resolution. 

Underground tunnel or void detection Another object is to provide a new and improved 

Perimeter security surveillance radar system for detecting the closest obstacle among 

Aid to the handicapped 35 multiple obstacles. 

Some prior art near obstacle detection systems utilize It is a further object to provide a monostatic radar 

infrared and ultrasonic radiation. These systems gener- system mat can be utilized for near obstacle detection, 

ally have disadvantages that discourage their use. tank/container gauging and ice thickness measurement 

Microwave radiation on the other hand is commonly . _ __ ™-™ T 
used in a variety of forms of radar systems, and the 40 SUMMARY OF THE INVENTION 
advantages of microwave radar technology make it The present invention provides an improved mono- 
attractive for near obstacle detection systems as welL static radar system for detecting near range obstacles 
See the article "Automotive Radar. A Brief Review" and determining their distance An active one-port im- 
by D. M. Grimes and T. O. Jones in Proceedings of the pedance matching device (Z-network) or I-Q modula- 
EEEE, June, 1974, pp. 804-822 and the relevant prior 45 tor is employed. A generated signal is directed to both 
art literature cited therein. the antenna and the device. The device reflects a pre- 

An important microwave operating band assigned for determined portion of that signal with a pre-determined 

radar use, generally designated as X-band, covers the phase change. The device cancels the reflected signal 

frequency range from 8.2 to 12.4 GHz. In this frequency from the antenna. 

range, microwave components are reasonable in both 50 In accordance with this invention an obstacle detec- 
size and cost For example, the dimensions of an X-band tion apparatus comprises; means for generating high 
planar or patch antenna, suitable for near obstacle de- frequency energy over a finite frequency range and for 
tection, are approximately 1 inch X 2 inches. A portion frequency modulating over a limited range of band- 
of X-band set aside by the Federal Communications width such high frequency energy and for supplying 
Commission for unlicensed use covers the frequency 55 said frequency-modulated (FM) high frequency energy 
range from 10.50 to 10.55 GHz. However, this limited to a first path providing a phase reference. A second 
bandwidth makes it difficult to achieve adequate resolu- path includes transmission and receiving sections, and 
tion for nearby targets. For example, with a conven- the transmission section includes means for radiating the 
tional frequency modulated-continuous wave (FM-CM) frequency modulated high frequency energy into space 
radar system operating over a SO MHz bandwidth, the 60 in die form of propagating waves, while the receiving 
minimum resolution is approximately 10 feet, whereas a section includes means for receiving a portion of said 
resolution of the order of inches is considered necessary radiated energy after reflection from a remote object 
for near obstacle detection such as vehicular warning The transmitting and receiving sections may be physi- 
systems. cally separated, as in bistatic radar systems, or may have 
Where antenna mounting space is at a premium, it is 65 a common antenna and signal path section as in mono- 
possible to utilize one antenna for both transmitting and static systems. The radiated energy portion acquires a 
receiving. This one antenna system is called a mono- phase shift related to the distance traveled by said radi- 
static radar system. A major drawback of monostatic ated energy and to the frequency of the radiated energy. 
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In one of said paths a means serves to phase shift fire- FIG. 16 is the schematic diagram of a balanced mono- 

quency-modulated high frequency energy in that one static radar system. 

path in a certain configuration of repeated cycles of FIG. 17 is a schematic diagram of the monostatic 

frequency modulation to improve resolution attainable system using an unbalanced Z-matching device. 

with said limited range of bandwidth. In the receiving 5 FIG. 18 is a schematic diagram using a temperature 

section, means for comparing the phase of FM energy compensated balanced Z simulator. 

with the phase of the reflected radiated energy serves to FIG. 19 is a schematic block diagram of a monostatic 

produce signals related to the phase-shifts of said first radar system embodying this invention. 

and second paths and corresponding to the phase-shift FIG. 20 is a schematic block diagram showing a typi- 

produced over the distance travelled by the radiated 10 cai frequency modulated continuous wave (FM-CW) 

energy portion and the reflection thereof from the re- radar system. 

mote object A distance signal is derived in accordance FIG. 21 is a schematic block diagram showing a mod- 

with the phase states of said phase shifter and related to |fxed frequency modulated-continuous wave (FM-CW) 

the frequencies of said energy generating and modulat- radar system, 

ing means. 15 

In accordance with an embodiment of this invention, DETAILED DESCRIPTION OF THE 
the means for deriving a distance signal includes, means INVENTION 
for transforming sinusoidal voltage wave from the time ^ system iq of FIG. 1 for radar ranging, a volt- 
domain to the frequency domain including means for age-controlled oscillator 12 (VCO) generates the basic 
performing a Fourier analysis thereon. Also in accor- 20 ^ m a continuous wave (CW) with a periodic 
dance with an embodiment of this invention, the phase- frequency modulation (FM) superimposed in accor- 
shifting means is in the reference path. dance with a periodic modulating voltage from a select- 

BRIEF DESCRIPTION OF THE DRAWINGS able source 14. 

_ „ , , . „ The RF voltage from the VCO 12 is applied via a 
The foregomg and other objects of tins ™entKm as 25 power 16 ^ transmitting RF path 18 to a trans- 
well as the invention itself may be more fully under- ^ ^ ^ ^ ^tes a m ^ on ^ 
stood from the following description when read to- ^^^^^ wave to a remote ^ 22, and thJ » 
gether with the accompanying drawing m which cor- j ^^ m frQm ^ to a receiving ! 
respondmg parts are referenced by similar numerals ^ ^ reflected rf Signal is supplied to the .V 
^^Tth^ I^mputofar^ 

invention. . _ * . t . , , 

FIG. 2 is a schematic graphical diagram of rotating pmc^c conGguxatKM! and apphes tht phase- 

vectors illustrative of thi operaticmtf the system of 35 ^ to the TO ^ ™*htor) input 32 of the 

Pjq ^ mixer 26. 

FIGS. 3-A through 3-P are 16 graphs, schematic ™?S e ^ntroUed C^cm^r-T^e frequency of the 

diagrams serving as an example of signal data from the VCO n* determined by the applied control voltages 
system of FIG. 1 and reconstructed in the process of V * Vi, V 2 . V 3 , from the source 14 and can be varied 

pjQ ^ 40 over the operating band m several ways. Among them 

FIGS. 4A and 4B are computer flow charts of the are: _ ^ . , „ 

data processing performed including the frequency Continuously mcreasmg or decreasing frequency 

transformation and distance calculator. over a foed P enod T. This is usually referred to as a 

FIG. 5 is a graphical diagram of a table of data illus- linear frequency-modulated continuous wave (linear 
trating the operation of the distance calculator of FIG. 45 FM-CW) signal. This type of frequency modulation can 
1 be used with either an analog or digital signal process- 

FIGS. 6 A, 6B, and 6C are idealized timing and wave- m S system, 
form diagrams illustrating the operation of parts of the b - Step-wise increasing frequency is preferable for the 
system of FIG. 1 digital signal processing approach. For optimum signal 

FIGS. 7, 8, and 9 are schematic block diagrams of 50 processing efficiency, the generated frequencies should 
modified forms of the invention. be equally spaced. 

FIG. 10 is a schematic diagram showing zones in The present best mode of the invention uses the step- 
which targets subject to monitoring are located in rela- wise frequency modulation scheme. Four frequencies 
tion to an over-the-road vehicle. are generated during each period. They are spaced 12.5 

FIG. 11 is a schematic diagram of a typical mono- 55 MHz apart, beginning at 10.5 GHz and ending at 
static radar system. 10.5375 GHz. Each frequency state is energized for a 

FIG. 12 is a schematic diagram of a monostatic radar period of 0.02 msec. Therefore, each frequency sweep 
system embodying the one-port Z-matching device of period has a 0.08 msec duration as shown in FIGS. 6A 
this invention. through 6C. 

FIG. 13 is a schematic diagram of the temperature 60 Power Splitter— The power splitter 16 is a 3-port 
uncompensated design of the one-port Z-matching de- device (e.g. a Wilkinson power divider or a quadrature 
vice. coupler with the isolated port terminated). The energy 

FIG. 14c is the parasitic and temperature compen- of the signal at the input port 17 is split equally between 
sated design of the one-port Z-matcMng device. output ports 27 and 34. The phase difference between j 

FIG. 14i b is the temperature compensated voltage 65 the signals at these ports must not change significantly 
generator. for any of the frequencies at which the system operates. 

FIG. 15 is the schematic diagram of a balanced mono- The actual value of the phase difference is not impor- 
static radar system embodying this invention. tant to the function of the system. 
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Transmitting and Receiving Antennas — The signal 
energizing the transmitting antenna 20 at its input port 
33 is transmitted with a directional pattern determined 
by the geometry of the antenna. Part of the signal is 
scattered with an undetermined pattern and amplitude 5 
from an object 22. Some of that scattered energy will 
appear at the receiving antenna 24 and is available at 
port 35. The amplitude of the received signal depends 
on (i) the directional (gain) patterns of both antennas, 
(ii) the transmitting range from antenna 20 to target 22, 10 
(w) the scattering characteristics of the target 22 and 
(iv) their range from target 22 to receiving antenna 24. 

The directional patterns of both antennas 20 and 24 
and their relative location and orientation should be 
such that the magnitude of the leakage signal propagat- 15 
ing directly between the antennas, that is between the 
points 33 and 35, should be minimized. 

Mixer— The mixer 26 (or phase comparator) can be 
either a 2-or 3-port device. The latter version has been 
employed in the present embodiment. The 3-port device 20 
(eg. a double balanced mixer) has reference, input and 
output ports 32, 37 and 39, respectively. They are also 
commonly referred to as the LO, RF and IF ports re- 
spectively. (In the 2-port device, eg., a single-balanced 
mixer, the LO, and RF ports use a single port). 25 

In this embodiment, the function of the mixer 26 is 
essentially that of a 'two-quadrant*' phase comparator. 
As such, the voltage at output port 39 IF is a sinusoidal 
function of the phase difference between Qref, the phase 
of the voltage at the reference point 32, and Qinp> the 30 
phase of the voltage at the input port 37. Mathemati- 
cally, this function is; 

35 

where * *a" is device-dependent voltage scaling factor, 
and *V* is a fixed residual offset voltage. For the pur- 
pose of demonstrating the function of the system, the 
residual offset voltage be assumed to be zero. Conse- 
quently, if the voltages at the input and output ports are 40 
either in phase (0* difference) or out of phase (180° 
difference), then the voltage at the output port will be 
zero. likewise for phase differences of +90* and —90° 
the output voltages are +a and —a respectively. For all 
other phase differences, the output voltage varies be- 45 
tween +a and —a in a sinusoidal fashion. 

Phase Shifter— The phase shifter 30 is an insertable 
2-port device. With the device energized at the input 
port 29, the phase of the RF voltage at the output port 
31 can be changed by means of a signal applied to the 50 
control port The range over which the phase can be 
changed is 360", and it can be changed either continu- 
ously, as in an analog phase shifter, or in a fixed number 
of steps, as in a digitally controlled phase shifter. For a 
fixed control signal, the phase change must not vary 55 
significantly over the system operating band. 

In this embodiment of the radar system, the phase 
shifter 30 is digitally controlled. The phase of the signal 
at the output port can be set to any one of the 16 equally 
spaced 22.5° steps by means of a 4-bit digital control 60 
signal. 

D/A Selectable Voltage Source— The selectable 
voltage source 14 sequentially applies one of four volt- 
ages to the VCO, each for a 0.02 msec duration. For a 
single operating period, the sequence of four voltages is 65 
repeated 16 times for a total duration of 1.28 msec. The 
timing is controlled by the system synchronizer/con- 
troller 40. 



6 

Phase Shifter Controller— The phase shifter control- 
ler 46 applies a 4-bit digital signal to the phase shifter 30. 
Each of the possible 16 phase steps lasts for a period of 
0.08 msec, synchronized with the A/D selectable volt- 
age source by means of the system synchronizer/ con- 
troller. The total time interval required for all 16 phase 
states is 1.28 msec. 

A/D Converter/Sampler— The A/D converter/- 
sampler 50 samples the voltage at the output port of the 
mixer 26 every 0.02 msec and converts the sampled 
voltage into a 12-bit digital number (—2046 to +2045). 
A total of 64 samples is taken during the 1.28 msec 
period. The sampled data are stored in a digital form in 
Random Access Memory (RAM) for further signal 
processing. 

System Synchronizer/Controller— The system syn- 
chronizer/controller's 40 function is to synchronize the 
three control components described above. A total of 
64 data points is taken, which can be divided into 16 
sequences of 4 data points, each sequence associated 
with one of the 16 phase states. The sequences can 
therefore be designated by their phase states. (A master 
clock 42 sets the basic repetition rate of the voltage 
source 14 with its clock signals divided down by 
counter 44, the repetition rate for the 16 phase states is 
set) 

The total acquisition time of the 64 data points is 1.28 
msec. In the automotive application, where maximum 
relative speed between the antinnas and an object does 
not exceed 12 inch/msec, any object can be considered 
essentially stationary during the acquisition period. 

Focusing on the operation of two components, 
namely the power splitter 16 and the mixer 26 (phase 
comparator), two distinct signal paths can be traced 
between them: 

a) a reference path 28, defined by terminal points 27, 
29, 31 and 32; and 

b) an RF path, defined by terminal points 34, 33, (the 
target 22) 35 and 37. 

Let us assume that the RF path is 10 ft longer than 
the reference path (the target 22 is thus at a distance of 
about 5 feet> In air, the RF energy travels at the speed 
of 3x 10 8 meters/sec, equal to about 1 ft/nsec. Thus, the 
rime it takes the signal to travel through the RF path is 
10 nsec longer than the time it takes the signal to travel 
through the reference path. This additional time is re- 
ferred to as the time delay r. 

The RF signal can be described as a rotating vector, 
with one complete rotation equivalent to one cycle. If 
the vector rotates only part of a cycle, then that seg- 
ment of the cycle can be described in terms of a phase 
change, where 360* corresponds to a complete cycle. 

In similar fashion the VCO signal at any given fre- 
quency can be described as a continuously rotating 
vector at a uniform speed, whose angular velocity is 
determined by the frequency of the signal As an exam- 
ple, if the VCO is generating a signal at a frequency of 
10.5 GHz, (10.5X10*) cycles/sec, or 10.5 cycles/nsec) 
then the number of revolutions per nsec is 10.5. 

At the beginning of each signal path, it is assumed 
that the reference and the RF signals are in phase. In 
other words, their vectors at points 27 and 34 are 
aligned and they are rotating at the rate of 10.5 cy- 
cles/nsec. 

Let us examine what happens to the alignment of the 
reference and RF vectors at the end of their respective 
paths (terminal points 32 and 37). Since the RF signal 
takes 10 nsec longer to reach the end of the path, its 
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associated vector will have made 105 more revolutions 
than the reference signal (10.5 revolutions/nsec). Nev- 
ertheless, both vectors will still have a zero net phase 
difference between them. Since the mixer 26 acts as a 
phase comparator, the output signal of the mixer, at 5 
point IF, remains at its zero phase state for as long as the 
frequency and the path length remain unchanged. 

Now the case where the VCO frequency has been 
increased by 12.5 MHz, Le., 10.5125 cycles/nsec, is 
considered. Consequently, in the same 10 nsec period 10 
there are 105.125 more cycles of the RF signal vector. 
Therefore, at points 32 and 37, the vectors are I cycle or 
45* apart, and the vector of the output signal of the 
mixer moves from its zero state by 45*. Similarly, each 
time the VCO frequency is increased by 12.5 MHz, the 15 
vector of the output signal of the mixer 26 is moved by 
45\ 

In summary, when four frequencies are generated in 
the sequence fo> fo+12.5 MHz, fb+25 MHz and 
fo+37.5 MHz, the output vector moves through an 20 
angular range of 135° in 45* increments (| of a cycle in 
J cycle increments). It should be evident that the angu- 
lar range through which the output vector swings de- 
pends on the difference between the maximum and 
minimum frequency of the VCO. (The number of steps 25 
in which the VCO changes from ininimum to maximum 
frequency does not affect the angular range of the out- 
put vector, except for a small quantization error related 
to the frequency increment). 

Based on the foregoing, the signal at the output of the 30 
mixer 26 can be analyzed in terms of the information it 
may contain about the target. The angular range over 
which the output vector moves depends upon the delay 
of the RF signal (hence the target distance). Thus, by 
measuring the angular range of the output vector, the 35 
target distance can be deduced. 

However, a problem arises when two or more targets 
are present For each target we can define a separate 
RF path and an associated RF vector. The RF vectors 
may have various amplitudes and will span different 40 
angular ranges, depending on the related distances. 
Correspondingly, each associated output vector also 
may have various magnitudes and will rotate at differ- 
ent speeds. The picture is now more complex. Since 
vectors are actually superimposed on each other, the 45 
resultant vector will rotate at a non-uniform speed. In 
fact, it will exhibit a complex motion, changing direc- 
tions and amplitude, with uneven increments, each time 
the VCO frequency is increased by 12.5 MHz. 

If, however, each vector by itself traces out one or 50 
more full cycles during the VCO frequency sweep, it is 
then possible to "decompose" the resultant vector into 
individual component vectors. This decomposition pro- 
cedure is known as "Fourier transformation". Provided 
the above condition is satisfied, we can obtain from the 55 
**trace" of the composite vector, via a fourier transfor- 
mation, the number of full revolutions for each of the 
vector components. The locations of corresponding 
targets can be readily deduced from the number of full 
revolutions of the vector components. It should be 60 
evident that this condition applies only to targets to 1C, 
20 / , 30*, etc. For any other target locations, the individ- 
ual output vectors do not complete an integral number 
of full cycles during the VCO sweeps, and, as it turns 
out, their distance cannot be resolved without an ambi- 65 
guity. 

This condition leads to a definition of the distance 
resolution. Resolution is defined by a distance needed to 



separate two targets, such that during the time the VCO 
frequency changes from minimum to maximum, the 
output vector associated with the further target will 
rotate one more cycle than the vector associated with 
the closer target This condition is defined mathemati- 
cally as: 

Ar=r/{2(/^-/ mifl )} 

where "c" is the propagation velocity. 

As discussed above, for a case with 4 frequencies 
incremented by 12.5 MHz and a target at 5 feet (corre- 
sponding to time delay of 10 nsec), the angular excur- 
sion of the output vector is § of a cycle. 

The output vector will move through the full cycle, 
if we increase the frequency bandwidth of the VCO by 
factor of 2. However, this is not a desirable solution. 

The basic problem to be resolved is how to "force** 
the output vector to complete this cycle, so that as we 
repeat the sequence of VCO frequencies indefinitely, 
the output vector rotates in a uniform and continuous 
manner as the VCO continues to sweep. 

Let us examine what happens when the phase shifter 
30 changes the phase in the reference path. For exam- 
ple, if that phase change is ISO 9 , then the phase differ- 
ence between the RF and reference signals at the mixer 
26, signals at points 32 and 37, changes by 180* and the 
position of the output vector shifts by a J cycle. A 
phase-shift occurs at each of the VCO frequencies. 
Correspondingly, the angular range of the output vec- 
tor will again be | of the cycle, but beginning at the | 
cycle point See FIG. 2 for a graphical illustration. 

Therefore, as we continuously repeat the VCO se- 
quence of 4 frequencies and change the phase by 180* 
during alternate segments, the output vector will rotate 
uniformly and continuously. 

Since we have the required condition of a uniformly 
and continuously rotating vector, the principle of vec- 
tor decomposition, i.e., the Fourier transformation, can 
be applied to deduce the target distance even in the 
presence of other targets. 

To summarize this new case, let us define a phase 
sequence as two successive frequency sweeps. There 
are two possible phase sequence arrangements. (There 
will be a total of 8 data points, each associated with a 
given phase and frequency.) In the first arrangement, 
the phase remains zero in both frequency sweeps, while 
in the second the phase increases by 180°. In the former 
instance, only the targets at lO', 20 / , 30*, etc cause the 
associated output vectors to rotate 2, 4, 6, etc. complete 
revolutions per phase sequence. Analogously in the 
second instance, only the targets at 5', 1 5', 25' etc. cause 
the associated output vectors to rotate 1, 3, 5, etc. com- 
plete revolutions per phase sequence. 

Therefore, I have developed a method by which the 
apparatus is able to resolve a target with 5' accuracy, 
Le., a factor of two improvement The trade-off is that 
the apparatus needs to measure and analyze twice as 
much data. 

The above method can be extended for a larger num- 
ber of phase steps, resulting in an additional improve- 
ment In general, the improvement factor is equal to the 
number of phase steps. If n p is the number of steps, then 
the range accuracy is: 

Ar= C/ilnftfmax-fmin)} 
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For an example, in the present embodiment the num- 
ber of phase states is 16. A phase sequence consists of 16 
frequency sweeps. There are a total of 1 6 phase states in 
the sequence arrangement Let us designate each of 
them (0), (1), (2), . . . , (9), (A), (B), . . . , (F) (using 
hexadecimal notation). For instance, in the sequence 
—0 the phase increment for each successive frequency 
sweep is zero, as the output data are measured. For 
sequences — 1, —2 and —3 the increments are 22.5% 45* 
and 67.5*, respectively, and so on. Each of the corre- 
sponding data sequence must be analyzed for a different 
set of target locations, which will cause the output vec- 
tors to rotate one or more full revolutions per sequence. 
Table 1 below demonstrates this example. 



tance is computed; a suitable formula is set forth below 
(see Appendix, equation 16). 

In a present embodiment of the system, the number of 
phase states n p =16. For each of the phase states, the 
voltage controlled oscillator 12 generates four frequen- 
cies fa fo-f df, fo+2df, fc+3df, where ft = 10.5 GHz and 
df = 12.5 MHz. Each time a new frequency is generated, 
a voltage at the IF port 39 of the mixer 26 is digitally 
sampled (measured) and stored in the computer's RAM 
memory; a total of 64 measured data points are sampled 
and stored. FIGS. 3- A through 3-P are set to 16 graphs 
(numbered O to F) each formed of the real portion of 
the 16 corresponding phase sequences developed in the 
reconstruction processing loop of the calculations pro- 
cess of FIG. 4A. 

A typical example of a set of 64 data points is shown 
in FIG. 3-A The graph is divided into 16 segments. 
Each segment represents a subset of 4 data points (con- 
nected for clarity by a continuous curve). 

Therefore, the first segment of the graph is a mea- 
sured response at 4 frequencies when the phase shifter 
30 is in state 0°. The second sequence is another re- 
sponse at the same 4 frequencies when the phase shifter 
30 is in state 22.5°. 

Each subsequent segment corresponds to a response 
for 4 frequencies (fo, fo+df, fo+2df and fc-h3df), as the 
phase is increased by 22.5*. The complete wave form is 
_ . . . _ . a set of 16 segments and is designated as phase sequence 

lgital recessing — 1. The number of the sequence conveniently desig- 

The fast fourier transform (FFT) processes the data 30 nates that in this phase sequence, the phase state be- 



TABLE 1 


Sequence 


Phase 


Targets with 


Ho. of 


designation 


mcFcnent 


complete cycles 


cycles 


-0 


<r 


0", IV, 20" eta 


0, 16, 32, eta 


-1 




.625', 1(1625', eta 


1, 17, 33, eta 


-2 


«• 


1.25', 11.25\ eta 


2, 18, 34, eta 


-4 


90* 


7-5', IZ5\ eta 


4, 20, 36, eta 


-8 


180* 


5', 15', eta 


8,24, 40, eta 


— F 


337J* 


9.375', 19375', etc. 


15, 31, 47, etc. 



10 



15 



20 



25 



digitally. The measured data are samples of the signal 
produced at the output port 39 of the mixer 26. One data 
sample is acquired for each frequency and phase state. 
There are a total of 4 frequencies and 16 phase states, or 
64 points, which are stored in a 1 -dimensional array. 
DATA (I), 1=0, ... 9 63. As can be deduced from Table 
1 above, the phase sequence — 1, generates all 64 combi- 
nations of frequencies and phases. Therefore, this se- 
quence — 1 is the only one performed during the mea- 
surements. The other sequences are then reconstructed 
in the computer processing. FIG. 4A shows the flow 
chart which computes the frequency transformation 
response of FIG. 5. As each of the phase sequences is 
reconstructed, the Fourier transform FFT is applied; 
only 4 points of the 64 FFT-output points are required. 
These are indicated in the 4th column in Table 1 above. 
These 4 points are stored in an array TABLE (k), k=0, 
. , 63 (FIG. 4A). After 16 repetitions of the main loop, 



35 



40 



45 



tween subsequent segments is increased by one least 
significant bit, LSB, (22.5°). The other 15 phase sequen- 
ces, as shown in FIGS. 3-B through 3-P, are computer 
reconstructed from data contained in the phase se- 
quence — 1. Again, the phase sequence —0 to — F refer 
to LSB increments of the phase shift between subse- 
quent segments. 

The target range can be visually obtained by examin- 
ing the 16 graphs for the sinusoidally continuous re- 
sponse and counting the number of full sinusoidal cy- 
cles. In this example phase sequence —5 meets the crite- 
ria with 5 complete cycles. This number of complete 
cycles directly relates to the target range and is used for 
visual analysis of graphs. Machine processing via FFT 
(FIG. 4A) performs a similar analysis. 

A computer efficient method is to apply FFT to each 
of the 16 wave forms (phase sequences). FFT produces 
64 complete data output points. FFT output of phase 



output array TABLE (k) is filled; a typical plot of ^ ^f"* " 1 «» for 11 > md 33 etc * ac " 

TABLE (k) array is shown in FIG. 4A, where the mag- TO ^ g _„„ 
nitude of each data point is shown. 

The magnitude of the RF signal received at the an- 
tenna can have a large variation, depending on the re- 

flection of the target and its distance. For weak RF 55 eitheTa^c^Xuo^ range or a discrete set of frequen- 

signals, random mterference maybe superimposed on ^^ibefym** arrJ^e^th^ system can 

the measured data and the computed curve may not be obstade ^ 2er ^ being limited only 

as smooth as one shown m FIG. 5. It will have narrow by ^ ^Zfa of ^ ^0 ^goaL 

spikes resulting in the "false" peaks. It is therefore nee- The advantage of the latter case is that the system can 

to smooth" the data stored m the array TABLE 60 ^ made significantly simpler and therefore cheaper. 



The resultant set of 64 points produces a curve as 
shown in FIG. 5. The position of the peak is related to 
the target distance. 

The voltage controlled oscillator 12 can generate 



(k) of FIG. 4A by applying a smoothing algorithm, 
which is indicated in the flow chart in FIG. 4B. The 
smoothing algorithm is based on widely known work 
(by R. B. Blackman and J. W. Turkey, •"The Measure- 
ment of Power Spectra", Dover 1958) using FFT rou- 65 
tines. Finally, a peak finding algorithm is performed to 
determine index kmox at which the peak of the fre- 
quency transformation occurs. Finally, the target dis- 



However, because of the finite number of frequency 
steps, the range measurement has an unambiguity range: 

In the present embodiment, where the number of 
frequencies is four and the bandwidth is 50 MHz, the 
unambiguous range is 40 feet To overcome this ambi- 
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guity problem, the system operates in two modes. Li V2>V1 

one of the modes, so called far-looking mode, the modu- _ 

lation bandwidth is 12.5 MHz, resulting in 160 feet of where v 1= =the antenna reflection signal, and y 2 =the 

unambiguous range. It is reasonable to expect that an target reflection signal. Using the narrow band phase 

echo signal from an obstacle past 160 feet will always be 5 shifter technique requires only that 

negligible compared to the signal received from an 

obstacle within the initial 20 foot range. V2>V1 

The resolution in this far-looking mode is 2.5 feet. If . , *m . . 1/v 

/ J 2 ^ ">L"r™ A typical microwave antenna reflects between \% 

a target is detected within 20 feet, the system switches , . . A . x 

to til near-range high resolution mode, using a modu- 10 «* 10% of fte voltage mcid^t upon £ wtafc Ae RF 
lating bandwidlh of 50 MHz with a resolution of 0.625 v ^ dtte *** W refl ^ 10n ' at * e .H P*?, 1 * 7 
feet In both of these modes the number of generating °£ th f ^ * anywhere be^een <0.01% to 1%. 
frequencies is only four. aearl y> *» **» not i" 1 "* P recedm » mequalrty. 

One embodiment of the present invention is shown in 

Single Antenna Implementation of Narrow Band 15 FIG. 12. The corresponding components of the mono* 
Ranging Radar static radar system shown in FIG. 12 have the same 

A typical state-of-the-art monostatic radar system is reference numerals as the components in FIG. 11. A 
depicted in FIG. 11. Oscillator 113 generates a continu- coupler 150 is utilized instead of circulator 158. A one- 
ous wave RF signal with a periodic frequency modula- P°rt I/Q modulator or Z-network 162 is connected to 
tion. Power splitter 116, eg., a Wilkenson power di- 20 one port of the coupler 160. The Z-network 162 is an 
vider, divides the RF signal between output ports 127 active matching device. The Z-network 162 "gener- 
and 134. Phase shifter 130 is a 2-port device that can ates" a voltage vi f at the RF port 137 of the mixer 126 
change the phase of the RF signaL The phase shifter 130 that has an equal magnitude and opposite sign to that of 
provides an RF reference signal to a mixer 126. The the antenna reflection voltage vi. Since RF voltage is 
reference signal is applied to the LO port 132 of mixer 25 characterized as a vector quantity, the Z-network must 
126. The RF signal is radiated by an antenna 120, how- be capable of both amplitude and phase control of the 
ever a portion of the RF signal is reflected back from reflected signal. Generally, the antenna reflection will 
the antenna 120. Energy (v2> reflected by the target 122 be a function of frequency and temperature; therefore, it 
and intercepted by the antenna 120 is fed to the RF port is preferred that the Z-network be adjusted accord- 
137 of the mixer 126. A circulator 158 ensures a maxi- 30 ingly. 

mum coupling of the transmitted energy from oscillator Otoe embodiment of the Z-network is shown in FIG. 
113 to the antenna 120 and of the received energy from 13. The Z-network 162 is composed of a bias circuit 164, 
the antenna 120 to the RF port 137 of the mixer 126, and a power divider 166, a 45°-phase shifter 168, diodes 170, 
a m i n |Tn u m coupling (isolation) between the oscillator 172, and bias circuits 174, 176. A one-port I/Q modula- 
113 and the mixer 126. An alternative arrangement may 35 to r j s by definition a reflective device, and is character- 
employ a coupler instead of the circulator 158. Receiver ized by a complex reflection coefficient I\ The Z-net- 
or detector 149 determines the range (AR) to the target WO rk 162 "receives" the incident signal from the oscilla- 
122. tor 113 via the coupler 160 and reflects a pre-deter- 

In analyzing the monostatic system of FIG. 11, con- mined portion of that incident signal with a pre-deter- 
sideration must be given to the reflection from the tar- 40 phase change. Ideally, the range of the amplitude 

get 122 and the interaction with the antenna reflection 0 f the reflected signal should be between 0 and 1, and 
(vi). The signal voltage at RF port 137 equals the com- the range of the phase should be between 0° and 360*. 
bined reflection voltage from the antenna and the tar- circuit 164 provides DC ground for the bias 

get* currents. Power divider 166 splits the incident signal 

45 into two parts. A quadrature coupler can be substituted 
VRF= yi+V2 for the power divider 166. One of the split signals must 

- . . . to through a 90° phase shift. This can be done by intro- 

lnpract.ee, thcatuahon is more complex smce a num- « a^'-phaismfter 168 into one of the paths. The 
ber of sources o^cctoon and leakage energy are pres- ^ ^ 45 - dufin ^ ^ vcrsal of 

ent. However, the solution to a single false (undesirable) 50 Jj~^ ^ 

reflection case can be easily extended to the case of the pa 

multiple reflections. P 3 * of s P! rt ^ 15 ^fl^ from a van- 

Ushig conventional FM-CW techniques, the location M * resistive ternunation. The ^bleresis^^e termi- 
of the target can be determined, provided that either, (a) nation can be properly biased PIN diodes 170, 172 or 
the time delay difference between the antenna 120 and 55 GaAs FETs or other smaller devices. The magnitude of 
target reflection is greater than the inverse of the effec- Ae reflected signals T u T 2 is deternuned by the resis- 
tive bandwidth, Le., tance of the termination. Nominally, the phase of the 

reflection will be a function of resistance except for the 
' 180" reversal when the resistance of the tennination 

At e — AR > ^ moves through a value equal to the characteristic impe- 

dance of the system. The reflections are recombined in 
where At = time delay, c=the speed of light, a quadrature manner (because of the two-way transver- 
AR=range or the distance from the antenna to the sal of the 45*-phase shifter 168 in one path) to provide 
target, and B=the effective bandwidth; or, (b) the RF an I-Q relation between the two independently con- 
voltage at the RF port 137 of the mixer 126 due to target 65 trolled reflections, Le., 
reflection is significantly larger than that of the antenna 
reflection, Le., r=r,+/T 2 
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Diodes 170, 172 are appropriately biased at each operat- are determined by requiring the IF voltage at port 139 

ing frequency and at each phase state of the phase lie within a predetermined range. For np and n/ steps 

shifter, if necessary, by bias circuits 174* 176, respec- there are a total of n^Xn/ voltages of V| and V* This 

tively. The proper bias conditions are determined by procedure compensates for frequency variations of the 

minimizing die IF signal at IF port 139 in the absence of 5 antenna and phase shifter interaction at temperature To 

a target Over the temperature range, the temperature depen- 

Since the diode resistance is highly temperature sensi- dance of current Io maintain* the IF voltage within the 

rive, the reflection coefficient T in FIG. 13 will also be predetermined range for all voltages Vi [Ip, i/} and Vi 

temperature dependent This is an undesirable condi- y obtained at temperature To. 

tion. The Z-network 162 shown in FIG. 14a signifi- io An alternative metastatic radar system is shown in 

cantly reduces the temperature dependence of T. Bias FIG 15 sytem ^ a balanced monostatic system 

circuit 180 removes unwanted RF interference. Power Ae impedance * symmetrical with respect to the 

divider 182 evenly splits the incident signal between Z-network and the antenna. The components of this 

two P"J* A 45- : phase shifter 184 provides the neces- mon0 static system are similar in function to 

sary 90' phase shift to one of the spirt signals. Parasitic 15 those in FIG. 12. A 3 dB quadratic coupler 222, with 

conditions and temperature can be compeiisated for by ^ ^^^^ ^ ^ to equaUy divide 

mtroAicmg a quadrature coupler and an agonal the RF signalbetween the antenna 224 and the Z-net- 

vanable termmation m each path. The product of the , ^-mTttim. ^.nt^ * ^fWf*^ ^ha** 

oUodes 198 and 200 must equal the square of the charac- 230, 23^ 234 and^6,toa one-port phase shifter 226 

teristic impedance of quadrature coupler 196. This con- ™* its phase controlled reflection, V LO > appears at port 

dition is achieved by applying the following bias volt- 292 as an LO bias signal The nature ofthe topology 

shown eliminates the LO signal at port 293. r 



25 

The RF signal is not phase controlled by the ph 
B\=Eq+V\ shifter 226. There are three components of the RF sig-l 

naL A component vi' is reflected from Z-network 228; | 
E\=Eq-V\ vi is due to antenna reflection; and vj is due to target t 

reflection. By calibrating the Z-network such that 
£ 2 =£b-f- Vi vi=vi', the detector 238 (Le-> a single ended mixer) at 

£ 2 ^ Eo _y 2 port 292 detects a signal due to the target only. The 

2 2 antenna reflection vi is "dumped" in the termination of ^ 

A voltage generating circuit, shown in FIG. 14& con- P°£^ 293 ; „ , . _ _ _ 

sisting of a current generator 208 and PIN diode 210 35 ^ significance of this approach is that the whole 
produces voltage Eo (the voltage across diode 210 bi- network structure is symmetrical, and, as a result, the 
ased by a current Io). Current generator 208 has a T/T 0 temperature variation of the transmission phase velocity 
temperature dependence. is cancelled. If the antenna reflection is temperature 

insensitive, as in the case of a waveguide horn, then \ 
T 4Q there is no need for temperature compensation. 

W} = W(A '~J%~ There are several shortcomings in this approach. A 

low-loss one-port phase shifter is not easy to realize. A 
Where T is the ambient temperature or system tern- four-bit phase shifter yielding 16 fold bandwidth reduc- 
perature in *K., and To is room temperature in *K. tion is the maximum practical number of bits. For 

Vi is a DC control voltage with T/T 0 temperature 45 higher resolution, a higher loss I/Q network must be 
dependance which controls the magnitude and sign of employed which will limit the dynamic range of the 
the reflection Ti via the following temperature indepen- system. 

dent relationship: The use of single-ended mixer is another disadvan- 

tage. Such a mixer is less efficient then a double- 
V\=a Tan M]>V\) 50 balanced mixer used in FIG. 12. In addition, there is a 

200-400 mV inherent DC offset. Therefore, an AC 
where a and b are physical constants. A similar relation- coupling scheme should be employed, 
ship holds for V2* In the preferred embodiment, diodes FIGS. 16, 17, and 18 are particular realizations of the 
188, 190, 198, 200, and 210 should be lot matched. The topology shown in FIG. 15. FIG. 16 is similar to FIG. 
article Broadband Phase Invariant Attenuator, Adler, D. 55 but the one port phase shifter and Z-network are 
and Maritato, P., delivered at the IEEE International realized by means ofthe one port I/Q network shown. 
Microwave Symposium, 6/1988, provides a complete j^e phase shifter is a balanced reflective phase shifter 
description of the biasing circuit; this article is herein ^ mc i u des couplers 256, 267 and 268 each with one 
incorporated by reference in this application. p0 rt terminated; PIN diodes 258, 260, 262, and 264; and 

Temperature dependence of transmission line phase ^ 4y pnase shifter 270. Note that the power divider is 
velocity must also be taken into .account However, its replaced by a quadrature coupler 267. The Z-network is 
effect isnot as pronounced as that of the diodes resis- ^ halanced md couplers 282, 284 and 286 

tance. The transmission hue tmr^rature variation can ^ ^ a ^ rt terminated; PIN diodes 274, 276, 278, 
be absorbed into the temperature variation of the an- ^ ^ ^ ft 45 - phase shifter m pia 17 shows an 
tenna reflection coefficient 65 unbalanced Z-network which is essentially the Z-net- 

Tne Z-network 162 of FIG 14a is cahbrated in the WQrk ofFIa 13 ^ ^ ^vider replaced with 
absence of any toget, for each phase state 1, and fre- ft ^ 314 A temperature compensated 

quency step y The DC voltages Vrfi,, y] and balanced z_ network h ^ m FIG. 18, which is es- 
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sentially the Z-network of FIG. 14a with the power modulation, the instantaneous frequency varies between 
divider replaced by a quadrature coupler 414. The Z- F c and F c + Af m B, over the finite swept period T start- 
network also includes couplers 416 and 418 with one ing at some arbitrary time, as shown in equation (2). 
port terminated; PIN diodes 426, 428, 430 and 432; and 

45* phase shifter 420. 5 A<t); (2) 

FIG. 19 shows the monostatic radar system incorpo- «(0 = + T 0£t*T 
rating the present invention including a digitally con- 
trolled phase shifter 500 and the one-port active Z-net- The parameter of interest is the electrical phase of the 
work 502 (antenna active matching device). oscillator signal 0u>> shown in equation (3) which in- 

The foregoing describes a new and improved near 10 eludes as arbitrary phase fa 
range obstacle detection and ranging aid. The invention 

improves on existing technology to provide a suffi- ( 

ciently high resolution of targets without requiring an QlM = f »W = + 4- ^o m jr + *° 

increase in bandwidth beyond what is presently avail- o 
able. In addition, multiple targets can be identified. 15 

Applicant has disclosed various forms and modifica- where a> c ~2vFe and Aa)m=2'7rAf OT 

tions of the invention and others will be apparent to The oscillator signal is split into two parts, for exam- 

those skilled in the art from the concepts set forth above pie by means of a power divider as shown in FIG. 20. 

and in the following claims. These signals are then guided through a reference path 

The attached Appendix sets forth theoretical bases 20 and a transmission path, respectively. Referring to FIG. 

for this invention and is incorporated herein as a part of 20, the former is the distance between the power splitter 

the application. and the LO port of the mixer, while the latter is the 

APPENDIX distance between the power splitter and the RF port of 

the mixer. In FIG. 20, the transmission path includes a 

Narrow-band Radar System With Improved Range 25 distance 2r, the distance between the transmitting and 

Resolution receiving antennas via the target 

Overview Without the loss of generality, we can treat the prob- 

The specific problem addressed in a particular auto- lem *>y assuming that all distances, except the distance 

motive application has been to measure the range of a 2r, are zero. Therefore it follows that the phase of the 

target, (or the closest one in a multi-target environ- 30 reference signal at the LO port of the mixer is also given 

ment), with less than one foot resolution over a 0 to 20 hy equation (3). 

feet range. Among the various approaches considered, a The transmitted part of the oscillator signal which 

microwave FM-CW radar has been chosen. It is a ma- travels a distance 2r, is received with a delay r=2r/c. 

tare technology with low cost attributes, adequately Thus the phase of the signal at the RF port of the mixer, 

suited for the automotive environment and offers many 35 0 re /, is related to the phase of the signal at the LO port 

advantages compared to ultrasonic, infra-red or optical by equation (4). 
techniques. The principal limitation encountered in this 

approach stems from the restricted operating band- Q&KO^Loit-T) <*) 
width allowed by the FCC for unlicensed radar trans- 
mission. 1 At the preferred operating band, nominally at 40 The function of the mixer in FIG. 20 can be charac- 
10.525 GHz, bandwidth is 50 MHz. terized as phase comparison. Thus, if the LO and RF 
] FCC section 15 . . . signals are sinusoidal waveforms with constant ampli- 
It is known that the inherent range resolution Ar, is tude, then the waveform at the IF port is also a sbusoi- 
directly related to the radar the allowable bandwidth dal function whose phase, 9m equals the difference 
Afm, i.e. 45 between the phases of the LO and RF signals, or 

^-2^T ( ° -*<p-o a r*r <*> 

where c is the velocity of propagation, which for elec- 50 where tjfi is a time independent constant phase and the 

tromagneuc energy approximately equals one ft/nsec in second term represents the IF frequency term propor- 

frec space. 2 This is also referred to as the critical distance tional to the delay t=2t/c. 

problem. 3 Some observations about the nature of the IF signal: 

^k^a^B^lV^^n^ AlteCh ""^ l987 ' P ' 5 " 1. The IF signal is a periodic function. 

Thus, for Af m =50 MHz bandwidth, the inherent » 2. Therefore all of the available data can be acquired 

resolution according to equation (1) is Ar~ 10 feet over the period T. 

In the most broad sense, the key aspect of an FM-CW v 3. Evidently, in tie smgle target case, the detay r can 
system is the measurement of a relative time delay be- be measured directly from the phase response, by deter- 
tween two coherent frequency-modulated signals. Im- —& ^"f" P" 3 * 5 ^? e J , Jf tw 5 en ^ ^g™">g 
proved resolution can be achieved by phase modulat- 60 the end of the sweep penodX The measured rac- 
ing, over repeated cycles of frequency modulation, one l » bOD would be hmited only by the capability of a phase 
ofthe two signals. In so doing, additional time is needed discriminator employed. However, in a multiple target 
to acquire complete data under all phase conditions. situation. »•* ^ measurement produces large 

This is an example of the classic time/bandwidth trade- al ? t h , , . . ,,„,,,, 

off 65 4. If the product Af m r is an mteger, the IF output will 

A typical FM-CW system is shown in FIG. 20. The * a continuous sinewave. Otherwise it will be a repeti- 

LO signal, having a frequency F c , is frequency modu- * ve Ascontmuous train of anewave segments^ to the 

lated over a bandwidth Af*. Assuming linearly swept fonner «•* *• ""P"* P"** 18 over a m 2 ™ 
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range. In the latter case, at least one phase cycle is 

incomplete. It is evident from equation (5) that the „ \ nf ~\ (10) 

phase constant ty\ defines which part of the 2ir cycle 2(A) = , 2 . 2^ W-P ifi + + V 4 > ifi 

remains incomplete. lp= ^ 

5. In the frequency domain, the IF signal, as a conse- 5 to 
quence of paragraph 1, above, is a discrete function where w = e~ 7 a P*f 
with its harmonic components being 1/T apart. 

6. For each harmonic there is a corresponding dis- v(ip^) ip=0,l, . . . ,n,— 1 and if=D,l, . . . , n/-l (n^n/ 
crete location of a target with a delay t*— k/Af,,,, where total), is a set of acquired data points, defined to be 
k=0,l,2 ... is the appropriate harmonic number. *° periodic, equation (11). 

7. If k in above is not an integer then the frequency 

domain response to such a target will be two or more v(ip+mnp j))»i<> $ for ««any integer (11) 
harmonics. 

8. It follows, that the resolution is limited by the It can be shown that, for a single target, the magni- 
condition Af m T=l, which confirms equation (1). 15 tude of the transformation, shown in equation (10% 

Modified FM-CW approach leads to a sin(x)/x response. 

The key aspect in the modified FM-CW system is the An alternative form of equation (10) can be obtained 

inclusion of a variable 2ir phase-shifter in one of the two b Y defining a new index L 

signal paths, stepping through Bp discrete phase states „ ■ • 

over repeating cycles of frequency modulation. The 20 '-»>«/+'/ (*2) 

phase of the phase-shifter ibi/ft) has a time varying _ ^ /im . 

^ • j t* * iu _ -^j t*u c Then equation (10) reduces to 

nature with a period n/T, smce the period of the fre- H v ' 

quency modulation cycle is T. In FIG. 21, the phase- 
shifter is shown as being in the reference path. It can be ^ 2Xk) = "5 1 ^ 
readily shown that the phase of the IF signal is similar r=0 
to that of equation _<5), except it includes phase^t) of whereu( , ) = K ^ tj) + M p + Kp/A , ifi 
the phase-shifter, i.e. r J F F 1 

Note that u(i+mn)=u(i) for m=any integer. 
=-tfi + + (6) 30 R^ge Determination 

Let k max be an index number of the Z(k) transforma- 

* . , ™ , « . tion such that 

For each sweep period T, the phase at the LO port is 

changed in n p steps. ^k^^max |z(*)| for 0SJfcS«-i (14) 
Several observations can be made: 35 

1. The IF signal has a period of n p T. in other words, Wis the index of the complex array 

2. It follows that in the frequency domain the discrete z(k)> for whic h the magnitude of Z(k) is maximum, 
frequencies are separated by l/n,T. Then the time delay 7=2r/c is related to the index W 

3. Thus the necessary condition for improved resolu- by equation (15). 
tion exists. ^ 

4. The range resolution is given by 



£_ CO 



. A k m (15) 



Cable Correction 

_ . , - 1£ . 45 In practice the distance of the reference path contains 

For example, by umg 4 brt phase^hifter, „,= 16, the " ^ wth ^ 

e^ti fnaSl ft. delay T^. Simflariy, the transmission path includes 

^tel S ffnal Pr * cables between the power splitter and transmitting an- 

gi ignai ocessxng tenna, as well as between the receiving antenna and the 

In tins approach the IF signal is sampled withn /50 ^ 
samples per frequency sweep. Consequently the fre- £ follows that 

quency modulation cycle of the oscillator can have n/ 
discrete frequencies. However, because of the finite 
number of frequency steps, the range measurement has 
an unambiguity range R u > readily shown to be 55 



r = kmax constl + constl (16) 
where constl = and constl = cir^f — r\ — rj) 



cn S (8) 



* B = 7Af m Leakage Correction 

In a practical system one or more leakage paths may 
With Tip phase states per each frequency sweep, the 60 exist between the RF and LO ports of the mixer. When 
total number of acquired data over a period n p T is measuring a target with a weak echo signal, a stronger 

leakage signal may cause significant errors. Since the 
n—npn/ (9) transformation of equation (13) has a commutative 

property, we can generate a corrected signal Man®- 
Each of the n data has a unique pair of frequency and 65 = u(i) — UaiiG), which is to be used in equation (13). The 
phase indexes ip, and i/. These data are designated as signal u^KD is measured when no targets are present 
v(ip, ifi. Let us define a transformation of v(ip, i/) as Alternatively, we can measure n^cfi) even in the pres- 
follows ence of targets, if both antennas are replaced by a 
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matched load. In this case, however, the external leak- tion by controlled reflection of said tertiary portion 

age between the antennas cannot be corrected and of the generated signal; and 

therefore will limit the useful dynamic range of the a coupler structure having means for combining said 

target echo. cancelling signal with the signals being carried by 

Multiple Targets 5 the receive path at a point which is beyond the 

Let us assume that a total of L targets is present We common branch of said transmit and receive paths 

have L transmitting paths of different lengths. Due to whereby the reflected secondary signal portion is 

each transmitting path there is an associated signal vi(i) substantially cancelled from the signal being car- 

and transform Zi(k) for each target 1=1,2, ... L. It is ried by the separate path portion of the receive 

readily seen from the commutative properties of (10) or 10 path to the processing means. 

(13) that the combined effect of all targets results in 2. An monostatic radar system according to claim 1 

transform Z(k) such that wherein an antenna comprises the combined signal radi- 
ating and detecting means a four-port coupler com- 

L n _. L prises said coupler structure, the four-port coupler hav- 

Z(*) « 2 zm = V W* 2 u*i> 15 ing: 

a first port and a second port coupling the separate 

^ , e . _ _ . . . , w • portion of the transmit path to the common trans- 

Smce each transformation Z,(k) is sin(x)A function, ^ receive ± branch . 

the combined transforms a summation of L such toe- said ^ a ^ n ^ ^ 

toon having maxima shifted with respect to each other common transmit and receive path branch to the 

with varying magnitudes of the m a mma Some analysis separate portion of the receive path: and 

as well as experimental measurements indicate several a fourtIl ^ which m conjunction wnh said third 

aspects: port comprising said combining mwmg. 

1. For targets which produce about equal signals at 3 ^ monostatic ^ systera as defined in claim 1, 
the receiving antenna and are separated by several units ^ wherem ^ r ^^\m E signal producing means is an 
of Ar, the measured range will be an average of two aB&w matchmg dcvicc , 

target distances. 4 An monostatic radar system as defined in claim t, 

2. For Targets which produce unequal signals at the whcrem ^ cancelling signal producing means is a 
receiving antenna and are separated by several units of 0 ne-port I/Q modulator. 

at, the measured range will be a distance corresponding ^ 5. An monostatic radar system as defined in claim 4, 

to the distance of the stronger target wherem said I/Q modulator comprises: 

3. For Targets which produce about equal signals at mea ns for splitting said tertiary signal into two paths 
the receiving antenna and are separated by many units ^ combining a pair of reflected signals from said 
of Ar, the range of both targets can be obtained from the tw 0 paths; 

measurements. 35 a first variable resistive means termination terminat- 

4. For Targets which produce unequal signals at the ^ ^ path w herein said first reflected signal 
receiving antenna and are separated by many units of ls produced; 

Ar, the range of the stronger targets is obtained accu- m eans for phase shifting said split portion of said 

rately. The discrimination of the weaker target is possi- tertiary signal in the first path and said first re- 

ble, provided the magnitude of its signal is within 10 dB m fleeted signal by a selected amount; and 

of the stronger signal. a second variable resistive terrnination terminating 

In a particular automotive environment, we are al- the second path wherein said second reflected sig- 

ways interested in a closest target Since signal strength & produced. 

decreases 12 dB each time the target distance is dou- 5 An monostatic radar system as defined in claim 5, 
bled, we directly benefit from range disc rimin a t ion of 45 wherein said splitting and combining means is a quadra- 
farther targets. ture coupler. 

I claim: 7. An monostatic radar system as defined in claim 5, 
1. An monostatic radar system of the type including a wherein said first and second variable resistive tennina- 
transmit path for carrying a signal from a signal generat- tions are a pair of matched pin diodes, and which far- 
ing means to a combined signal radiating and detecting 50 ther includes means for biasing said pin diodes, 
means for radiating a primary portion of the generated 8. An monostatic radar system as defined in claim 5, 
signal at a target and a receive path for carrying a por- wherem said I/Q modulator is temperature compen- 
tion of the radiated signal which is reflected from the sated. 

target from the radiating and detecting means to a pro- 9. An monostatic radar system as defined in claim 8, 
cessing means for analyzing the target reflected signal, 55 wherein said first and second variable resistive termina- 
the transmit and receive paths having a common branch tions each include a quadrature coupler coupled to a 
from the radiating and detecting means to a branch pair of matched diodes which provides temperature 
point where the transmit and receive paths diverge into compensation for the reflected signals, 
separate path portions, a secondary portion of the gen- 10. An monostatic radar system as defined in claim 1, 
erated signal being reflected by the radiating and detect- 60 which further comprises means for calibrating the can- 
ing means within the common branch to the separate celling signal producing menus responsive to a correct- 
path portion of the receive path, the improvement com- ing signal which includes: 

prising: means for providing a reference signal for said gener- 

means for directing a tertiary portion of the generated ated signals; 

signal to a cancelling signal producing means; 65 means for comparing said reference signal to the 

said cancelling signal producing means producing a vector sum of the secondary reflected signal por- 

cancelling signal of amplitude substantially equal to tion and said cancelling signal wherein said com- 

and of opposite phase to the secondary signal por- paring means produces the correcting signal. 
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11. An monostotic radar system as defined in claim 
10, wherein said comparing means is a mixer. 

12. An monostatic radar system signals comprising: 
means for generating high frequency energy signals; 
antenna means for radiating said high frequency en- 
ergy signals and for receiving reflected target sig- 
nals whereby a secondary portion of said high 
frequency energy signals, which are not radiated, 
reflects from said antenna means; 

means for processing received reflected target sig- 
nals; 

a one-port Z-network for receiving an incident signal 
from said high frequency energy signals and for 15 
producing a cancelling signal by controlled reflec- 
tion of said incident signal; and 

a coupling structure coupling said signal generating 
means, said antenna means, said signal processing 
means, and said one-port Z-network such that the 
said Z-network produces a cancelling signal which 
substantially cancels the reflected secondary por- 
tion of the high frequency energy signals. 

13. An monostatic radar system as defined in claim 12 
wherein said coupling structure comprises a four-port 
coupler. 

14. An monostatic radar system as defined in claim 
12, wherein said one-port Z-network is balanced. 

15. An monostatic radar system as defined in claim 
12, wherein said Z-network comprises: . 

means for splitting said incident signal into two paths 
and combining a pair of reflected signals from said 
two paths; 

a first variable resistive means terrnination terminat- 
ing the first path wherein said first reflected signal 
is produced; 

means for phase shifting said split portion of said 40 
incident signal in the first path and said first re- 
flected signal by a selected amount; and 



a second variable resistive terrnination ternrinating 
the second path wherein said second reflected sig- 
nal is produced. 

16. An monostatic radar system as defined in claim 

15, wherein said Z-network is temperature compen- 
sated. 

17. An monostatic radar system as defined in claim 

16, wherein said first and second variable resistive ter- 
minations each include a quadrature coupler coupled to 
a pair of matched diodes which provides temperature 
compensation for the reflected signals. 

18. A one-port impedance matching device compris- 
ing: 

a single port for receiving a signal and outputting a 
controlled reflection of the received signal there- 
from; 

means, connected to said port, for splitting said re- 
ceived signal into two paths and combining a pair 
of reflected signals from said two paths; 
a first variable resistive means termination terminat- 
ing the first path wherein said first reflected signal 
is produced; 

means for phase shifting said split portion of said 
received signal in the first path and said first re- 
25 fleeted signal by a selected amount; and 

a second variable resistive termination terminating 
the second path wherein said second reflected sig- 
nal is produced. 

19. An impedance matching device as defined in 
30 claim 18, wherein said splitting and combining means is 

a quadrature coupler. 

20. An impedance matching device as defined in 
claim 18, wherein said first and second variable resistive 
terminations are a pair of matched pin diodes, and 
which further includes means for biasing said pin di- 
odes. 

21. An impedance matching device as defined in 
claim 18, wherein said first and second variable resistive 
terminations each include a quadrature coupler coupled 
to a pair of matched diodes which provides temperature 
compensation for the reflected signals. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. ; 5,359,331 Page 1 of 5 

DATED : October 25, 1994 
INVENTOR® : Zdenek Adler 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 

At column 1, line 6, prior to "553,890" insert 
--07/--. 

At column 1, line 29, delete "four" and insert 
therefor --for--. 

At column 1, line 59, delete "(FM-CM)" and insert 
therefor - - ( FM-CW) - - . 

At column 3, line 65, delete "FIG. I4i b" and insert 
therefor --FIG, 14b--. 

At column 6, line 8, delete "-" after "converter/". 

At column 7, line 56, delete "fourier" and insert 
therefor — Fourier--. 

At column 9, line 30, delete "fourier" and insert 
therefor — Fourier — . 

At column 9, line 51, delete "Fig. 4A n and insert 
therefor --Fig. 5--. 

At column 12, line 1, delete "v^v^ and insert 
therefor — v 2 »v 1 --. 

At column 13, line 28, delete "E^Eq-V^ and insert 
therefor- - - El=Eq - V x - - . 

At column 13, line 32, delete n E 2 ^E 0 -V 2 n and insert* 
therefor — ^aKo'V " * 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 5,359,331 Pa S e 2 of 5 

DATED : October 25, 1994 
INVENTORY) : Zdenek Adler 

It is certified that emir appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 

At column 13, line 50, delete n r ± = a Tan hfJbl^)" and 
insert therefore --T L = a Tanh (JbVi)--. 

At column 14, line 8, delete "I p " and insert therefore 

At column 15, line 41, prior to "bandwidth" insert 
the allowable--. 

At column 16, line 35, delete "0^" and insert 
therefore --9^ — . 

At column 18, lines 2-6 delete 

= Dpt"* {vd^k, i,) + jviijc + nJl, i f )\ 

i p =0 i r o 

where W = e ^ 
and insert therefore 

ji,~1 #yl 

— = E w"''*E W?{v(i,fc, i 7 ) + jv(i/c + V4, i,)} (10) 

i-0 Lf*0 

-7 — 

where K = e 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 5,359,331 Pa ge 3 of 5 

October 25, 1994 
Zdenek Adler 



DATED 
INVENTORY 



It is certified that eror appears in die above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 



At column 18, line 47, delete B T rrf " and insert 
therefor - - r rc( - - . 

At column 19, line 30, delete "at" and insert 
therefor --Ar--. 

At column 19, line 43, delete "a" and insert therefore 
--the--. 

In claim 1, at column 19, line 48, delete "An" and 
insert therefor --A--* 

In claim 2, at column 20, line 11, delete "An" and 
insert therefor --A--. 

In claim 2, at column 20, line 13 after "means 11 insert 
--and-- . 

In claim 2, at column 20, line 19, delete "portion" 
and insert therefor --port--. * 

In claim 3, at column 20, line 24, delete "An" and 
insert therefor - -A- - . 

In claim 4, at column 20, line 27, delete. "An" and 
insert therefor — A--. 

In claim 5, at column 20, line 30, delete "An" and 
insert therefor --A--. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 5,359,331 Page 4 of 5 

DATED : October 25, 1994 
INVENTDRtS) : Zdenek Adler 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below; 

In claim 6, at column 20, line 44, delete "An" and 
insert therefore --A-- . 

In claim 7, at column 20, line 47, delete "An" and 
inseirt therefore --A-- . 

In claim 8, at column 20, line 51, delete n An n and 
insert therefore --A--. 

In claim 9, at column 20, line 54, delete "An* and 
insert therefore - -A- - . 

In claim 10, at column 20, line 59, delete "An" and 
insert therefore --A-- . 

In claim 11, at column 21, line 1, delete "An" and 
insert therefore — A--. 

In claim 12, at column 21, line 3, delete "An" and 
insert therefore - -A- - . 

In claim 13, at column 21, line 25, delete "An" and 
insert therefore --A-- . 

In claim 14, at column 21, line 28, delete PAn" and 
insert therefore --A-- . 

In claim 15, at column 21, line 30, delete "An" and 
insert therefore --A--. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

5,359,331 Page 5 of 5 

PATENT NO. : October 25, 1994 
DATED : zdenek Adler 
INVENTORY) : 

It b certified that error appears in the above-identified patent and that aid Letters Patent is hereby 
tuiietted as shown bdowt 

In claim 16, at column 22, line 4, delete "An" and 
insert therefor --A--. 

In claim 17, at column 22, line 7, delete "An" and 

insert therefor --A-- . 
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